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1. INTRODUCTION {#jcmm15385-sec-0001}
===============

TGF‐β is an intracellular signalling regulator involved in the development and progression of several diseases, including acute/chronic liver disease, liver fibrosis, and cancer; it is primarily transmitted by Smad transcription factors.[^1^](#jcmm15385-bib-0001){ref-type="ref"}, [^2^](#jcmm15385-bib-0002){ref-type="ref"} Smad3 is the major signalling molecule for the TGF‐β/Smad pathway in cells.[^3^](#jcmm15385-bib-0003){ref-type="ref"}, [^4^](#jcmm15385-bib-0004){ref-type="ref"}, [^5^](#jcmm15385-bib-0005){ref-type="ref"} With the development of specific antibodies, activated forms of the Smad3 protein are being discovered, which include C‐terminal phosphorylated Smad3 (pSmad3C), linker region phosphorylated Smad3 (pSmad3L) and double phosphorylated Smad3 (pSmad3L/C).[^6^](#jcmm15385-bib-0006){ref-type="ref"}, [^7^](#jcmm15385-bib-0007){ref-type="ref"}, [^8^](#jcmm15385-bib-0008){ref-type="ref"} When TGF‐β~1~ binds to the membrane receptor, activated type I receptors (TβRI) phosphorylate the C‐terminus of Smad2 or Smad3 to form pSmad2C and pSmad3C.[^9^](#jcmm15385-bib-0009){ref-type="ref"} These then form hetero‐oligomers with Smad4, a common partner, and then translocate to the nucleus where they regulate target gene transcription[^10^](#jcmm15385-bib-0010){ref-type="ref"}, [^11^](#jcmm15385-bib-0011){ref-type="ref"}, [^12^](#jcmm15385-bib-0012){ref-type="ref"} and produce growth inhibition signals.[^13^](#jcmm15385-bib-0013){ref-type="ref"}, [^14^](#jcmm15385-bib-0014){ref-type="ref"} TGF‐β also activates the mitogen‐activated protein kinase (MAPK) pathway, which alters phosphorylated Smad3 signalling, increases mitogenic pSmad3L activity and decreases TGF‐β‐dependent cytostatic pSmad3C.[^15^](#jcmm15385-bib-0015){ref-type="ref"}, [^16^](#jcmm15385-bib-0016){ref-type="ref"}, [^17^](#jcmm15385-bib-0017){ref-type="ref"} Clinical evidence has shown that during the development of liver cancer from chronic hepatitis B, pSmad3L levels gradually increase, while pSmad3C decreases.[^7^](#jcmm15385-bib-0007){ref-type="ref"}, [^18^](#jcmm15385-bib-0018){ref-type="ref"}, [^19^](#jcmm15385-bib-0019){ref-type="ref"} After successful anti‐hepatitis virus treatment, pSmad3C levels in hepatocytes returned to normal, while pSmad3L was reduced.[^18^](#jcmm15385-bib-0018){ref-type="ref"} In addition, during the development of liver fibrosis‐hepatocarcinoma, compound *Astragalus* and *Salvia miltiorrhiza* extracts were shown to promote pSmad3C and inhibit pSmad3L to suppress hepatocarcinogenesis.[^20^](#jcmm15385-bib-0020){ref-type="ref"} Therefore, the TGF‐β~1~/Smad3 pathway can not only inhibit hepatocyte growth but also promote the development of liver fibrosis and cancer, meaning that it inhibits tumour cell proliferation and also promotes mitosis. Interestingly, this dual effect is known to be associated with different Smad3 phosphorylation sites[^8^](#jcmm15385-bib-0008){ref-type="ref"}, [^21^](#jcmm15385-bib-0021){ref-type="ref"}, [^22^](#jcmm15385-bib-0022){ref-type="ref"}, [^23^](#jcmm15385-bib-0023){ref-type="ref"}; however, there have been few reports on the role of domain‐specific Smad3 phosphorylation in the development of liver disease, and the underlying mechanism also remains to be explored.

Animal models are indispensable for studying the pathogenesis of acute and chronic liver disease, and for understanding the mechanism of action of specific genes during the development of liver disease. These include animal models induced by hepatotoxic agents, transplanting tumour cells into animals and genetic engineering.[^24^](#jcmm15385-bib-0024){ref-type="ref"} Genetically engineered animals provide an ideal experimental model for medical experimental research. In addition to allowing research into disease progression at the animal and tissue level, they can also deepen our understanding of disease pathogenesis at the cellular and molecular level for drug screening and pre‐clinical studies. Knock‐in technology has been used to delete endogenous genomic regions and to induce spontaneous mutations by targeted nucleotide substitution.[^25^](#jcmm15385-bib-0025){ref-type="ref"} Embryonic stem (ES) cell gene targeting technology is an experimental means to alter the genetic information of living organisms via homologous recombination. The coding gene fragment is microinjected into ES cells in vitro and is integrated via homologous recombination so that it becomes heritable. Animals that are homozygous for the mutated gene can then be generated by breeding. The process of homologous recombination combined with ES cell microinjection technology makes it possible to introduce coding genes into mice and can generate mutant animals at a speed unmatched by conventional experimental methods.[^24^](#jcmm15385-bib-0024){ref-type="ref"}

Smad3‐deficient mice are prone to cancer, including colon cancer and skin cancer. This deficiency can also cause immune disorders, infection, osteoarthritis and ultimately premature death 1‐10 months after birth.[^26^](#jcmm15385-bib-0026){ref-type="ref"} Furthermore, Smad3 gene deficiency can affect immune regulation, promote inflammation and drive cancer progression. Smad3 plays a complex role in the transduction of various signals in the body.[^27^](#jcmm15385-bib-0027){ref-type="ref"}, [^28^](#jcmm15385-bib-0028){ref-type="ref"} Unfortunately, a complete loss of Smad3 causes many side effects, and we therefore could not use this as an model animal to study the molecular mechanisms of liver disease progression. We therefore hypothesized that mice in which only pSmad3C is mutated may be more susceptible to liver disease. Thus, we selectively up‐regulated pSmad3C/3L in HepG2 cells via plasmid transfection. Interestingly, we found that overexpression of pSmad3C promoted apoptosis and inhibited cell proliferation and migration, whereas overexpression of the pSmad3L protein promoted cell proliferation and migration and inhibited apoptosis.[^29^](#jcmm15385-bib-0029){ref-type="ref"} These results suggest that domain‐specific phosphorylation of Smad3 at the cellular level is closely associated with the occurrence of liver cancer. The next step would then be to determine the in vivo effects of a pSmad3C mutation. Thus, to further investigate the role of Smad3 C‐terminal phosphorylation in the development of liver disease, we generated a mouse model that expresses low levels of pSmad3C. The *Smad3* gene is located on mouse chromosome 9 and comprises nine exons. The ATG start codon is located in exon 1, and the TAG stop codon is in exon 9. Smad3 C‐terminal serine residues Ser422/423/425 are located in exon 9, and the residues at position 423 and 425 can be phosphorylated.[^6^](#jcmm15385-bib-0006){ref-type="ref"}, [^10^](#jcmm15385-bib-0010){ref-type="ref"}, [^30^](#jcmm15385-bib-0030){ref-type="ref"} The aim of the current study was to mutate these three sites using TetraOne™ gene fixed‐point knock‐in technology. The classical genetic engineering technology‐ES cell microinjection technique and the principle of homologous recombination were used to generate mice carrying a mutation in the C‐terminal phosphorylation site of the *Smad3* gene. We then explored the effects of these separately in the presence or absence of CCl~4~ stimulation.

2. MATERIALS AND METHODS {#jcmm15385-sec-0002}
========================

2.1. Generation of Smad3 C‐terminal phosphorylation site mutant mice {#jcmm15385-sec-0003}
--------------------------------------------------------------------

C57BL/6 ES cells were used for gene targeting. Wild‐type C57BL/6 mice were provided by Cyagen Biosciences Co., Ltd, License No. SCXY (Guangdong) 2013‐0032, certificate No. 44410400001282, specific‐pathogen free (SPF) environment. *S422A* (TCC to GCC), *S423A* (AGT to GCT) and *S425A* (TCT to GCT) mutations were introduced into exon 9 using 3′ homology arms. To engineer the targeting vector, homology arms were generated by PCR using BAC clones RP24‐398N4 and RP23‐349G12 from the C57BL/6 library as a template. In the targeting vector, a neo cassette was flanked by loxP sites. DTA was used for negative selection. DNA fragments were constructed with three site mutations at positions 422, 424 and 425 of the *Smad3* gene C‐terminal, such that homologous recombination would lead to the insertion and replacement of the gene of interest at the specific position on the chromosome. Southern blotting was used to screen for positive ES cells, which were then injected into blastocysts derived from surrogate mother mice. F0 mice (containing the neo cassette) were obtained and then mated with wild‐type (WT) C57BL/6 mice to generate F1 progeny. Genotypes were determined by polymerase chain reaction (PCR) and gene sequencing of tail DNA. This generated 10 heterozygous (HT) mice: 6 males and 4 females.

2.2. Animals {#jcmm15385-sec-0004}
------------

All procedures were approved by the Animal Experimental Ethics Committee of Anhui Medical University. Heterozygous (HT) and wild‐type (WT) mice were raised and propagated under SPF conditions at the Center for Laboratory Animal Science at Anhui Medical University \[Certificate No. SYXK(Anhui)2017‐006\]. Mice were kept on standard food and allowed to access food and water ad libitum. Genotypes of new progeny were determined at 3 weeks of age by PCR analysis of tail DNA. Male and female mice reached breeding age at 60‐90 days, and breeding was carried out at a male:female ratio of 1:2 cohabitation. Female mice became pregnant about 21 days later and were given appropriate amounts of autoclaved seeds and eggs to provide nutrition during pregnancy.

2.3. Genotyping {#jcmm15385-sec-0005}
---------------

DNA was extracted from a 0.3‐0.5 cm piece of tail. Samples were incubated in 150 μL solution A (160 mg NaOH, 12 mg EDTA, 200 mL ddH~2~O) for 45 minutes at 95°C in a water bath. After denaturation, samples were cooled to room temperature before adding 150 μL solution B (10 mL 1.0 mol/L Tris‐HCl, 240 mL ddH~2~O) and mixing. Samples were centrifuged at 13684.32 *g* for 2 minutes, and the supernatant containing the DNA was transferred to a sterile tube. Samples were stored at −20°C until PCR. A PCR mix containing 12.5 μL 2× Taq PCR master mix, 9 μL ddH~2~O and 1 μL of each primer (1 mol/L) \[Forward: 5′‐TATGTCGCCACAGCAGATAGCC‐3′; reverse: 5′‐CAGCTGTACTGACATGCCTGTCTG‐3′ (Sangon Biotech)\] was added to each well of a PCR plate (total volume 23.5 μL), followed by 1.5 μL DNA. The amplification reaction was carried out using a T100™ Thermal cycler system (Bio‐Rad). DNA was initially denatured for 3 minutes at 94°C, then amplified for 32 cycles: denaturation at 94°C for 30 seconds, annealing at 62°C for 35 seconds and extension at 72°C for 35 seconds, followed by a final extension for 5 minutes at 72°C. Amplified samples were stored at 4°C or at −20°C for long‐term storage. Agarose gel electrophoresis was performed to determine the genotypes. Amplified samples were also sent to Sangon Biotech Co., Ltd. for gene sequencing.

2.4. Preliminary study on the phenotype of heterozygous mice under standard conditions and following acute liver injury {#jcmm15385-sec-0006}
-----------------------------------------------------------------------------------------------------------------------

The number of foetuses and progeny of each genotype was recorded. Bodyweight, growth status and activity were also recorded from birth. At 6 weeks of age, WT and HT male mice were treated with 0.1% CCl~4~ (10 mL/kg; diluted with corn oil) twice a week via intraperitoneal injection. Control mice were given corn oil alone (10 mL/kg). Mice were killed 24 hours or 2 weeks later. Serum samples were collected before killing and used for transaminase and inflammatory‐factor kit assays. After killing, the liver was isolated, and a portion was fixed in 4% paraformaldehyde for 24 hours. Samples were embedded in paraffin, and sections were cut at 5 µm, and either stained with haematoxylin and eosin (HE) or used for immunofluorescence. The remaining liver tissue was snap‐frozen in liquid nitrogen and stored at −80°C for Western blot analysis.

2.5. Haematoxylin and eosin (H&E) staining {#jcmm15385-sec-0007}
------------------------------------------

Liver tissue was embedded in paraffin and cut into 5‐μm sections for H&E. Briefly, tissue sections were stained in haematoxylin, washed in running water to develop the blue colour and then stained in eosin before mounting under coverslips. Pathological features were assessed. Photoshop 7.0 image processing software performs semi‐quantitative analysis of necrotic and degenerative tissue areas on pathological pictures. Liver damage proportion (%) = liver tissue damage area (pixels)/photographs area (pixels) × 100%.

2.6. Immunofluorescence {#jcmm15385-sec-0008}
-----------------------

Antigen retrieval was performed on tissue sections before blocking. Sections were washed with PBS, d then incubated with rhodamine (TRITC)‐conjugated goat anti‐rabbit IgG (ZF‐0316, ZSGB‐BIO) at 37°C for 50 minutes. After washing with PBS, sections were incubated in a DAPI solution (C1005; Beyotime) for 10 minutes. Finally, sections were washed with PBS and mounted with anti‐fade mounting medium (P0126; Beyotime) before being viewed and photographed under a fluorescence microscope (Leica). Images were evaluated using ImageJ software (NIH).

2.7. Western blot {#jcmm15385-sec-0009}
-----------------

Liver tissue was homogenized in cell lysis buffer (P0013; Beyotime). Primary antibodies used were rabbit anti‐p‐Smad3 (Ser423/425) monoclonal (Santa Cruz Biotechnology), rabbit anti‐Smad3 polyclonal (Santa Cruz Biotechnology) and mouse anti‐glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) monoclonal antibodies (Cell Signaling Technology). GAPDH served as an internal control. Results were analysed using ImageJ software.

2.8. Statistical analysis {#jcmm15385-sec-0010}
-------------------------

Data are shown as mean ± standard error (SE). Statistical analysis was performed using one‐way analysis of variance or Student\'s *t* test. Significant differences were defined when *P* \< .05.

3. RESULTS {#jcmm15385-sec-0011}
==========

3.1. Generation of mice carrying a Smad3 C‐terminal phosphorylation site mutation {#jcmm15385-sec-0012}
---------------------------------------------------------------------------------

According to the design scheme, three serine phosphorylation sites (*Ser422/423/425*) at the C‐terminus of the murine *Smad3* gene were selected as target sites and were recognized by the TetraOne™ gene site‐specific knock‐in technique. C57BL/6 ES cells were used for gene targeting. After transfection of the targeting vector to ES cells, PCR identified 16 positive clones (Figure [1A](#jcmm15385-fig-0001){ref-type="fig"}), 5 of which were selected for validation by Southern blot (Figure [1B](#jcmm15385-fig-0001){ref-type="fig"}). Two positive clones were successfully microinjected into blastocysts and subsequently returned to surrogate mice. The resulting chimeric mice were verified by PCR to obtain positive F0 founders (Figure [1C](#jcmm15385-fig-0001){ref-type="fig"}). These F0 mice were crossed to WT mice to obtain an F1 generation. With this method, we successfully generated 6 mice that carried the Smad3 C‐terminal phosphorylation site mutation (heterozygous, F1 generation). These animals (4 females and 2 males) were transferred to the Center for Laboratory Animal Sciences at Anhui Medical University. Tail DNA was extracted using the acid‐base method, and gene fragments were obtained by PCR. Amplified products were then subjected to agarose gel electrophoresis to identify genotypes (Figure [1D](#jcmm15385-fig-0001){ref-type="fig"}). All genotypes were verified by sequencing (Figure [1E](#jcmm15385-fig-0001){ref-type="fig"}). Results show that all 6 mice were HT for the mutation.

![Generation of mice with a Smad3 C‐terminal phosphorylation site mutation. A, Positive ES cell clones were verified by PCR (wild‐type (WT): NA; mutation (MT): 4.0 kbp). B, Southern blot was used to validate five positive clones. C, Sixteen positive F0 chimeric mice were identified by PCR genotyping (MT: 396 bp). D, Agarose gel electrophoresis of PCR products from F1 generation mice (WT: 283 bp MT: 396 bp). E, Peak of PCR product sequencing of F1 generation mice. F1 generation mice were heterozygotes (HT)](JCMM-24-7044-g001){#jcmm15385-fig-0001}

3.2. No HO progeny were obtained after breeding mice carrying the Smad3 C‐terminal phosphorylation site mutation {#jcmm15385-sec-0013}
----------------------------------------------------------------------------------------------------------------

One hundred and fifty progeny were genotyped, and results showed that these comprised 59 WT and 91 HT mice, which is close to the expected 1:2 ratio. No HO progeny were identified. Ten each of WT and HT pregnant females were randomly selected, and the number of newborn mice obtained from each was counted. WT mice gave birth to 7‐9 newborns per litter, and HT mice produced 4‐6 newborns per litter (Table [1](#jcmm15385-tbl-0001){ref-type="table"}).

###### 

Pregnant mice born mice per litter

             WT           HT
  ---------- ------------ -----------------------------------------------------
  Quantity   5.7 ± 0.82   4.9 ± 0.74[\*](#jcmm15385-note-0003){ref-type="fn"}

$\overline{x}$  ± SE; n = 10 mice/group.

Abbreviations: HT, heterozygous mice; WT, wild‐type mice.

*P* \< .05 vs WT group.

John Wiley & Sons, Ltd

3.3. WT, HT and HO embryos were identified in pregnant HT mice {#jcmm15385-sec-0014}
--------------------------------------------------------------

No HO newborn mice were obtained after breeding the heterozygous mutant mice for more than 1 year. Therefore, we collected embryos from pregnant mice at E14.5, E17.5 and E19.5 to determine their genotype. HO embryos were identified at all stages (Figure [2A,B](#jcmm15385-fig-0002){ref-type="fig"}) and were alive, although slightly smaller than their WT littermates (Figure [2C](#jcmm15385-fig-0002){ref-type="fig"}).

![Embryo genotype and phenotype results. A, Genotypes of E14.5 embryos were determined by PCR and gene sequencing (WT: 283 bp; MT: 396 bp). B, Genotypes of E17.5 embryos were determined by PCR and gene sequencing (WT: 283 bp; MT: 396 bp). C, Appearance of homozygous (HO) and WT embryos at E19.5 (left: WT; right: HO)](JCMM-24-7044-g002){#jcmm15385-fig-0002}

3.4. No statistical difference in HT vs WT phenotypes in the absence of reagent stimulation {#jcmm15385-sec-0015}
-------------------------------------------------------------------------------------------

Based on the characteristics of mouse growth and development, we selected several key stages (newborn, 1 week old, 3 weeks old, 5 weeks old and 7 weeks old) to observe and record the appearance and behaviour of HT and WT mice. Newborn mice were ruddy, hairless, and their eyes were closed; one‐week‐old mice had black fur, their eyes were open, and they were uniform in size; three‐week‐old mice displayed basic foraging ability, were able to drink water spontaneously and were active; at five weeks old, mice were near maturity; seven‐week‐old mice were mature and active (Figure [3A](#jcmm15385-fig-0003){ref-type="fig"}). Ten randomly selected C57BL/6 WT mice and HT mice were weighed at three weeks, five weeks and seven weeks of age (Table [2](#jcmm15385-tbl-0002){ref-type="table"}). Results indicate that the appearance and growth of HT mice at different ages was not significantly different compared to WT mice.

![Phenotype of HT mice without reagent stimulation. A, Appearance of HT mice and WT mice (left: WT; right: HT). B, H&E staining for histological analysis of liver tissue. C, Liver index results for HT and WT mice. D, Serum ALT/AST levels in HT and WT mice ( $\overline{x}$  ± SE, n = 6). E, pSmad3C expression levels analysed by Western blot ( $\overline{x}$  ± SE, n = 3). *P* \< .01, WT‐CCl~4~ vs WT‐Control; *P* \< .01, HT‐CCl~4~ vs HT‐Control; *P* \< .05, *P* \< .01, HT‐Control vs WT‐CCl~4~](JCMM-24-7044-g003){#jcmm15385-fig-0003}

###### 

Comparison of mouse bodyweight

  Age/wk   WT           HT                        
  -------- ------------ ------------ ------------ ------------
  3 wk     9.1 ± 1.7    10.2 ± 1.5   9.3 ± 1.6    9.2 ± 1.8
  5 wk     15.4 ± 2.7   19.6 ± 2.1   15.1 ± 2.3   19.5 ± 2.6
  7 wk     17.2 ± 3.2   23.1 ± 3.3   17.4 ± 2.9   22.6 ± 3.1

$\overline{x}$  ± SE; n = 10 mice/group.

Abbreviations: HT, heterozygous mouse; WT, wild‐type mouse.

John Wiley & Sons, Ltd

Male WT and HT mice (n = 6; 6 weeks old) were randomly selected, and serum and liver samples were harvested. The mice were weighed before killing, and the liver was removed and washed with physiological saline. After carefully aspirating water from the surface of the liver, the organ was weighed and photographed. The edge of the liver was clear, the colour was bright red and shiny, and there were no spots or nodules on the surface. There was no significant difference in size between livers from WT and HT mice (Figure [3B](#jcmm15385-fig-0003){ref-type="fig"}). Hepatic pathological sections were stained with H&E (Figure [3B](#jcmm15385-fig-0003){ref-type="fig"}) and showed that cells were neatly arranged and uniform in size, with no lesions of flaky inflammatory cells or obvious areas of necrosis or nuclear fragmentation. The pathological state of HT and WT mice was not obvious. Mouse liver index results showed that there was no significant difference in liver weight between WT and HT mice (Figure [3C](#jcmm15385-fig-0003){ref-type="fig"}). There was no statistical difference in transaminase levels (Figure [3D](#jcmm15385-fig-0003){ref-type="fig"}). Total protein was extracted from fresh liver tissue. The target protein was isolated and incubated with pSmad3C‐ and Smad3‐specific antibodies. Results show that the expression of pSmad3C was lower in HT mice than in WT mice (Figure [3E](#jcmm15385-fig-0003){ref-type="fig"}).

3.5. Smad3 C‐terminal phosphorylation site mutation aggravates CCl~4~‐induced acute liver injury {#jcmm15385-sec-0016}
------------------------------------------------------------------------------------------------

Twelve HT and WT mice, each, were divided into four groups: WT‐control, WT‐CCl~4~, HT‐control and HT‐CCl~4~. Mice were killed 24 hours after treatment. Within the control group, there was no significant difference in the liver or pathological changes between WT and HT mice (Figure [4A](#jcmm15385-fig-0004){ref-type="fig"}). The livers of HT mice from the CCl~4~ group were rough in appearance, blunt at the edges, greyish‐red in colour, and the surface was covered with grey‐white spots, which were more dense than those in WT mice (Figure [4A](#jcmm15385-fig-0004){ref-type="fig"}). Light microscopy showed that the hepatocytes of HT mice were disordered, the hepatic sinus was larger in size, and the hepatocyte size was also changed. There were visible spots, fragmentary necrosis, inflammatory cell infiltration and balloon‐like changes in the livers of HT mice (Figure [4A](#jcmm15385-fig-0004){ref-type="fig"}). Analysis of the proportion of the liver damage to the total area of the liver HE section showed that the HT group injury area was significantly larger than the WT group (Table [3](#jcmm15385-tbl-0003){ref-type="table"}). In summary, livers from HT mice displayed more severe pathological changes than WT mice. Mouse liver index results showed that there was no significant difference in liver weight between WT and HT mice (Figure [4B](#jcmm15385-fig-0004){ref-type="fig"}).

![CCl~4~‐induced acute liver injury. A, H&E staining for histological analysis of liver tissue. Magnification, 100× and 200×. B, Liver index results for HT and WT mice. C, Serum ALT/AST levels in HT and WT mice. D, Fluorescence intensity of IL‐6 in the liver, photographed using a fluorescence microscope. E, Fluorescence intensity of TNF‐ɑ in the liver, photographed using a fluorescence microscope. F, Serum IL‐6/TNF‐ɑ levels in HT and WT mice. G, pSmad3C expression levels analysed by Western blot ( $\overline{x}$  ± SE, n = 3). $\overline{x}$  ± SE, n = 6, ^\#\#^ *P* \< .01, WT‐CCl~4~ vs WT‐Control; \*\**P* \< .01, HT‐CCl~4~ vs HT‐Control; ^\^^ *P* \< .05, ^\^\^^ *P* \< .01, HT‐Control vs WT‐CCl~4~](JCMM-24-7044-g004){#jcmm15385-fig-0004}

###### 

Effect of Smad3 C‐terminal phosphorylation site mutation on liver damage proportion in mice induced by CCl~4~ for 24 h

  Group        Damage proportion/%
  ------------ ---------------------------------------------------------
  WT‐control   0.0 ± 0.0
  WT‐CCl~4~    61.1 ± 6.4[^\#\#^](#jcmm15385-note-0008){ref-type="fn"}
  HT‐control   0.0 ± 0.0
  HT‐CCl~4~    69.1 ± 3.2[\*\*](#jcmm15385-note-0009){ref-type="fn"}

$\overline{x}$  ± SE; n = 6.

Abbreviations: HT, heterozygous mouse; WT, wild‐type mouse.

*P* \< .01, WT‐CCl~4~ vs WT‐Control.

*P* \< .01, HT‐CCl~4~ vs WT‐ CCl~4~.

John Wiley & Sons, Ltd

Transaminase assays revealed that HT and WT mice in the control group showed no significant differences in serum ALT and AST levels. ALT and AST levels were significantly higher in the CCl~4~ group than in the control group, and within the CCl~4~ group, the levels were higher in HT mice than in WT mice (Figure [4C](#jcmm15385-fig-0004){ref-type="fig"}). In the control group, serum levels of the inflammatory factors IL‐6 and TNF‐α showed no significant differences between HT and WT mice. However, the levels of these two inflammatory factors were significantly higher in the CCl~4~ group than in the control group, and within the CCl~4~ group, the levels were higher in HT mice than in WT mice (Figure [4D‐F](#jcmm15385-fig-0004){ref-type="fig"}).

Total protein was extracted from fresh liver tissue. Target protein was isolated and incubated with pSmad3C‐ and Smad3‐specific antibodies. Results show that there was no significant difference in the Smad3 level in each group, or in the pSmad3C level in the control group. The pSmad3C expression in the livers of WT mice was significantly increased after CCl~4~‐induced acute liver injury, while the pSmad3C expression in HT mice was low (Figure [4G](#jcmm15385-fig-0004){ref-type="fig"}).

3.6. Smad3 C‐terminal phosphorylation site mutation aggravates CCl~4~‐induced chronic liver injury {#jcmm15385-sec-0017}
--------------------------------------------------------------------------------------------------

Mice were killed 2 weeks after model induction. In the control group, there were no significant differences in pathological changes in the livers of WT and HT mice (Figure [5A](#jcmm15385-fig-0005){ref-type="fig"}). Strikingly, both models showed liver injury, an increase in inflammatory cells and vacuolar‐like hepatocyte lesions; of the two, HT mice were observed to be more sensitive (Figure [5A](#jcmm15385-fig-0005){ref-type="fig"}). Mouse liver index results showed that there was no significant difference in liver weight between WT and HT mice (Figure [5B](#jcmm15385-fig-0005){ref-type="fig"}). ALT and AST levels were significantly increased in HT mice compared to WT mice (Figure [5C](#jcmm15385-fig-0005){ref-type="fig"}). Within the control group, the levels of these two inflammatory factors in the serum and hepatic tissue showed no significant differences between HT and WT mice. In the CCl~4~ group, ALT and AST levels were significantly higher than in the control group, and within the CCl~4~ group, the levels were higher in HT mice than in WT mice (Figure [5D‐F](#jcmm15385-fig-0005){ref-type="fig"}).

![CCl~4~‐induced chronic liver injury. A, H&E staining for histological analysis of liver tissue. Magnification, 100× and 200×. B, Liver index results for HT and WT mice. C, Serum ALT/AST levels in HT and WT mice. D, Fluorescence intensity of IL‐6 in the liver, photographed using a fluorescence microscope. E, Fluorescence intensity of TNF‐ɑ in the liver, photographed using a fluorescence microscope. F, Serum IL‐6/TNF‐ɑ levels in HT and WT mice. G, pSmad3C expression levels analysed by Western blot ( $\overline{x}$  ± SE, n = 3). $\overline{x}$  ± SE, n = 6, ^\#\#^ *P* \< .01, WT‐CCl~4~ vs WT‐Control; \*\**P* \< .01, HT‐CCl~4~ vs HT‐Control; ^\^^ *P* \< .05, ^\^\^^ *P* \< .01, HT‐Control vs WT‐CCl~4~](JCMM-24-7044-g005){#jcmm15385-fig-0005}

Total protein was extracted from fresh liver tissue. The target protein was isolated and incubated with pSmad3C‐ and Smad3‐specific antibodies. Results show that there was no significant difference in the expression of Smad3 in each group or in the expression of pSmad3C in the control group. pSmad3C expression was significantly increased in the livers of WT mice after CCl~4~‐induced chronic liver injury, while the pSmad3C level in HT mice remained low (Figure [5G](#jcmm15385-fig-0005){ref-type="fig"}).

4. DISCUSSION {#jcmm15385-sec-0018}
=============

Domain‐specific phosphorylation of the Smad3 protein is known to be closely related to the development of liver disease. In this study, we developed a new animal model in which the Smad3 C‐terminal phosphorylation site was mutated.

Our research team and Cyagen Biosciences Co., Ltd. independently carried out heterozygous crossbreeding, and after almost one year, only HT and WT newborn mice were generated, indicating that the mutation is homozygous lethal. We were, however, able to obtain HO embryos at E14.5, E17.5 and E19.5. At all three stages, the HO embryos were alive but were slightly smaller than the WT littermates. Of the 150 live progeny, the proportion of HT to WT mice was close to 2:1. This is consistent with Mendel\'s law of inheritance, which states that the expected proportion of progeny from a heterozygous cross is WT:HT:HO = 1:2:1. An assessment of the phenotype of HT mice of different ages showed that there was no significant difference in the appearance or growth of HT mice and WT mice. However, HT mice were significantly reduced in number compared to the WT mice per litter. Previous research showed that mice carrying a constitutive deletion of Smad2 failed to form an organized egg cylinder and lacked the mesoderm, resulting in homozygous embryos dying during the early stages of development.[^31^](#jcmm15385-bib-0031){ref-type="ref"} In addition, Smad4 is considered to be an essential factor in TGF‐β signalling.[^32^](#jcmm15385-bib-0032){ref-type="ref"} Targeted deletion of *Smad4* resulted in abnormal development during the egg cylinder stages and a failure to form the mesoderm, such that homozygotes died during early embryonic development.[^33^](#jcmm15385-bib-0033){ref-type="ref"} Loss of *Smad3* did produce viable homozygous mutant mice; however, as a result of defects in immune function, they died between 1 and 8 months of age.[^26^](#jcmm15385-bib-0026){ref-type="ref"}, [^27^](#jcmm15385-bib-0027){ref-type="ref"}, [^28^](#jcmm15385-bib-0028){ref-type="ref"} *Smad3* is ubiquitously expressed during embryonic development, as well as in various adult organs, suggesting that it may play an important role in vertebrate embryonic growth and organ development. Furthermore, mutations at the C‐terminal phosphorylation site of Smad3 prevent the expression of pSmad3C, and during ontogeny, a single gene can participate in a number of different processes. In summary, it appears that a mutation in the C‐terminal phosphorylation site of Smad3 is homozygous lethal; however, the specific cause requires further investigation.

We also investigated the effects of low pSmad3C expression on the liver and liver disease progression in HT mice. To validate our new animal model, we assessed the phenotype in the presence or absence of CCl~4~ stimulation, and compared the phenotypes of HT and WT mice. Results showed that HT mice with different body index and pSmad3C expression levels were not significantly different compared to WT C57BL/6 mice. After CCl~4~‐induced acute/chronic liver injury, the liver appearance and associated pathological changes were more severe in HT mice, and the increase in serum transaminase (ALT/AST) levels was more obvious than that in WT mice. Serum ALT and AST are often used to assess liver function in clinical and pre‐clinical studies and are typically elevated as a result of liver injury in mice.[^34^](#jcmm15385-bib-0034){ref-type="ref"} In the early stages of liver injury, the increase in ALT is more obvious than that of AST. This trend was also true in the present study, confirming that we have successfully induced acute/chronic liver injury in mice. Furthermore, it is known that ALT and AST levels are positively correlated with the degree of liver injury.[^35^](#jcmm15385-bib-0035){ref-type="ref"} In the present study, we showed that, under the same condition (CCl~4~‐induced liver injury), the livers of HT mice showed a more severe inflammatory response than the livers of WT mice, which further suggests that low pSmad3C expression may reduce the ability of the liver to resist acute/chronic injury.

During CCl~4~‐induced liver injury, there is a rapid increase in IL‐6 and TNF‐α levels, which is regarded as an indication of an inflammatory response.[^36^](#jcmm15385-bib-0036){ref-type="ref"} With the metabolism of various enzymes in the liver, CCl~4~ can stimulate Kupffer cells to secrete factors like IL‐6 and TNF‐α to participate in the inflammatory response.[^37^](#jcmm15385-bib-0037){ref-type="ref"} This inflammatory action is actually a protective measure that promotes hepatocyte regeneration and helps to prevent liver damage. The intensity of the inflammatory response reflects the severity of liver damage. The results presented in the current study show that during liver injury, IL‐6 and TNF‐α levels were increased in both WT and HT mice. However, this was more obvious in HT mice, suggesting that low pSmad3C expression can promote an increase in inflammatory factors during the early stages of liver injury, which then further aggravates liver damage. The relationship between inflammatory factors and the TGF‐β/Smad3 signalling pathway is also associated with activation of Stat3, a cell proliferation and survival regulator.[^38^](#jcmm15385-bib-0038){ref-type="ref"} However, the mechanism of action between pSmad3C and inflammatory factors is complex and requires further exploration.

Our assessment of liver pathology, as well as changes in serum transaminase and inflammatory factors, showed that the degree of liver injury after CCl~4~ stimulation was more severe in HT mice than in WT mice. Western blot data showed that pSmad3C protein expression was significantly increased in the liver tissue of WT mice, but remained low in HT mice. During liver injury, TGF‐β~1~ levels become elevated throughout the body, and participate in various anti‐injury reactions[^39^](#jcmm15385-bib-0039){ref-type="ref"}, [^40^](#jcmm15385-bib-0040){ref-type="ref"} and also up‐regulate pSmad3C protein expression to inhibit hepatocyte proliferation.[^41^](#jcmm15385-bib-0041){ref-type="ref"}, [^42^](#jcmm15385-bib-0042){ref-type="ref"} Therefore, we believe that a mutation in the C‐terminal phosphorylation site of *Smad3*, as in HT mice, affects Smad3 C‐terminal gene coding, resulting in low pSmad3C protein expression. All this then interferes with the anti‐injury effects of the TGF‐β/Smad3 signalling pathway, which could explain why liver damage is more severe in HT mice than in WT mice.

There was no significant difference in phenotype or pSmad3C protein expression between HT and WT mice in the absence of reagent stimulation. However, hepatic lesions were more severe in CCl~4~‐induced liver injury in HT mice than in WT mice, and pSmad3C protein expression was also lower in these HT mice. This suggests that Smad3 C‐terminal phosphorylation may have a protective effect during the early stages of liver injury. Nevertheless, its specific regulatory mechanism is still unclear, and we will explore it in the further. In summary, we have developed a new animal model that will help future research on the effects of domain‐specific phosphorylation of Smad3 during liver disease progression.
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